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In this paper, following a stream of investigation on supersymmetric gauge theories with cosmic 
string solutions, we contemplate the possibility of building up a D-and-F term cosmic string by 
means of a gauge-field mixing in connection with a U(l) x [/(l)'-symmetry. The spontaneous break 
of both gauge symmetry and supersymmetry are thoroughly analysed and the fermion zero-modes 
are worked out. The role of the gauge-field mixing parameter is elucidated in connection with the 
string configuration that comes out. As an application of the model presented here, we propose 
the possibility that the supersimetric cosmic string yield production of fermionic charge carriers 
that may eject, at their late stages, particles that subsequently decay to produce cosmic rays of 
ultra-high energy. In our work, it turns out that massive supersymmetric fermionic partners may 
be produced for a susy breaking scale in the range 10 11 to 10 13 GeV, which is compatible with the 
phenomenology of a gravitino mass at the TeV scale. We also determine the range of the gauge-field 
mixing parameter, a, in connection with the mass scales of the present model. 

PACS numbers: 



I. INTRODUCTION 

Supersymmetry has been of interest to explain a num- 
ber of problems in Cosmology, including observations and 
astrophysical questions. In this context, supersymme- 
try may appear to offer a version to acommodate the 
"dark matter" problem. There are evidences that most 
of the mass in the Universe is nonluminous and of un- 
known composition, probably non-baryonic. The super- 
symmetry framework predicts the existence of new sta- 
ble elementary particles (neutralinos) having a mass less 
than a few TeV and weak interactions with ordinary mat- 
ter. The neutralinos are linear combinations of the SUSY 
partners of the photon (photino), Z° and Higgs bosons. 
If such a weakly interacting massive particle (WIMP) 1] 
exists, then it has a cosmological abundance such as ob- 
served today, and we could therefore account for the dark 
matter in the Universe. 

Another important result is the success of duality in 
supersymmetric Yang-Mills theories that may, by means 
of the physics of non-perturbative solutions, such as topo- 
logical solitons, be more natural to understand than for 
non-supersymmetric theories. For these reasons, super- 
symmetric extensions of cosmic string models are espe- 
cially important to our understanding of the early Uni- 
verse. 

In Cosmology, the common belief is that, at high tem- 
peratures, symmetries that are spontaneously broken to- 
day have already been exact in the primordial stages 
of the Universe. During the evolution of the Universe, 
there were various phase transitions, associated with the 
chain of spontaneous breakdowns of gauge symmetries. 
Cosmic strings 0, 0, 0, are a by-product of a series 
of symmetry breaking phase transitions |(| , that appear 
in some GUT's and carry a huge energy density. They 



may also carry enormous currents |3| and may provide 
a sensible justification for many astrophysical phenom- 
ena, such as the origin of primordial magnetic fields [j| , 
charged vacuum condensat es |p an d sources of ultra-high 
energy cosmic rays 0, ^2 Il2t Il3| , among others. They 
could also enforce the possible origin for the seed fluc- 
tuation density perturbations that imprint in the cosmic 
microwave background radiation (CMBR), which became 
the large-scale structure of the Universe as observed to- 
day [3 [H, EE 113 • In view °f tne possibility that su- 
persymmetry was realized in the early Universe and was 
broken before or at the same time as cosmic string were 
formed, many recent works investigate cosmic string in 
connection with a supersymmetric framework in inequiv- 
alent form [II Hill. 

In this work, we analyse the possibility that a D-and- 
F cosmic string may be generated in a supersymmet- 
ric environment. The mixing proposed for the gauge- 
field kinetic terms has already been discussed in diferent 
contexts pll |2^ |. This paper is outlined as follows. In 
Section 2, we start by presenting the model under con- 
sideration, as well as some of its basic characteristics. In 
Section 3, we show that the model admits a stable static 
cosmic string configuration. The potential that rules the 
symmetry breaks is analysed and the ground state is read 
off. We also discuss the mixing terms and the masses of 
the bosonic excitations. We show that supersymmetry 
is spontaneously broken in the core. In Section 4, we 
discuss the mixing terms in connection with the masses 
of the fermionic excitations; with the help of the super- 
symmetry transformations of the component fields, we 
compute the fermionic zero-modes and tackle the prob- 
lem of the fermionic charged carriers. Next, in Section 
5, we propose possible cosmological implications of the 
model here analysed. Finally, in Section 6, our Conclud- 
ing Remarks are summarised. 
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II. SUPERSYMMETRIC EXTENSION OF THE 
U(l) x [/(l)'-MODEL AND THE SPONTANEOUS 
BREAKING. 



The Fayet-Illiopoulos D-term provides a possible way 
of spontaneously breaking SUSY 25] . In this case, the 
superpotential is 



In this section, we set up the superspace and the 
component-field version of the U(l) x [/(l)'-gauge the- 
ory in which framework we shall seek for a cosmic string 
solution. (For the algebraic manipulations with the 
Grassmann-valued spinorial coordinates and fields, we re- 
fer to the conventions adopted in the work of Ref.|2H|.) 
As our working model, we propose the supersymmetric 
extension of a U (1) x J7(l)'-Higgs model described by the 
superspace Lagrangian: 



C = Qie^W^i + ay [X a X a + X & X & ) 

+a 2 (Y a Y a + Y + 2a 3 (X a Y a + X*Y & ) 
+W($) + W($) + kD + kD, 

where the mixing parameters, a\, a 2 and 013, will be 
connected with the cosmic string, i — l,...,N and the 
superfields appearing herein being defined in the sequel. 
D and D are component fields accommodated in the su- 
perfields A and V, respectively. 

This model consists of a family of chiral superfields, 
$i, that read as below: 



$i{x, 9) = <Pi(y) + V26 a ip ia (y) + 2 ^(y), (2) 

where y^ = x^ + i9cr^9. The so-called vector superfield, 
V, in the Wess-Zumino gauge is given by the ^-expansion 
as follows: 



V = -QapOA${x) - i9 2 9X 1 (x) + i9 2 9X 1 + -9 2 9 2 D. (3) 



W = m$ + <I>_ 



(7) 



where we replace the label i = l,2byi = +, — , where + 
and — refer to the [/(l)-charges of the superfields. These 
charges rule the gauge transformations of $ + and <&_ 
. At this point, we should mention that, by virtue of 
the mixing between the auxiliary fields D and D along 
with the Fayet-Illiopoulos (F-I) terms in QJ, we are able 
to attain a superconducting cosmic string configuration 
with 4-chiral superfields, without the need of introducing 
of an extra neutral matter supermultiplct: 



p. — sw 



^E l lQ^\ 2 +^k-a 1 k 

_9 2 J2i iQt^i? + Oizk - a 2 k 
-m4>i, 



(8) 



with f3 = a\a 2 — a 2 . Now, let us analyse the positivity 
of the potential. For this, let us write the D-and-F terms 
in the Lagrangian as below: 



U =-V t MV+^D t K+-K t V-^F i F i (9) 



whereP= ( °~ Y K = ( and M = ( Ul " 3 
\D J' \k J \a 3 a 2 

where the latter is positive-definite. By adopting of the 

redefinition, V = V + M~ l K , we find that 



A = -{9a t ,9A 2 l {x) + i9 2 9\ 2 {x)-i9 2 9\ 2 + -9 2 2 D), (4) 

where the gauge-field strength superfields are X a = 
-\D 2 D a V and Y a = -\D 2 D a A, with D a and D a 
standing for the supersymmetry covariant derivatives. 

In component-field form, our complete Lagrangian 
density is split into a bosonic piece (Cb), a fermionic 
contribution (Cf), the Yukawa part (Cy) and the poten- 
tial (uy. 

c = c B + c F + c Y -u, (5) 

where Cb and Cf are respectively the bosonic and 
fermionic Lagrangian densities, Cy encompasses all 
Yukawa-type couplings and U stands for the potential: 

U=^D 2 + ^D 2 + a 3 DD + £ F lFl . (6) 



U = -K t M- 1 K + ^F i F i , (10) 

i 

If we consider the F-term, and we choose k ^ and 
k 7^ 0, the potential © can be split as below: 

U cs = j,[fq 2 (\<P + \ 2 '\^-\ 2 ) 2 

+ Urn 2 + tfqk - ^fqk\ |0+| 2 

+ (/3m 2 - f-qk + ?fqk} |0_| 2 (H) 

+ 9±k 2 + ^fk 2 - a 3 kk\ , 

Now, we analyze the delicate issue of gauge symmetry 
and supersymmetry breakings, and the consequent for- 
mation of a cosmic string configuration. By minimizing 
the potential of eq. © , we shall focus on the possibility 
of finding a supersymmetric cosmic string. 

For our purposes, we can work with the potential to 
cosmic string as given below: 
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u{4>+,4>-) 



4 
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{\^-^f-m + \^\ 2 + 



(12) 



iaqk+iq rj 
4/3 

A minimum vacuum configuration for a static vortex 



with \ v + 



3— \ 

2/3' 'V - 



may come out if we have 
where v = 



r], = and ij 2 = 



[1 - ^(afc — |)] and in potential JTTJ the 



-parameter is given by 



gafc . v + k/k 



(13) 



with a.\ — ot2 — 1 and — a with = 1 — a 2 . 

Another important feature of the cosmic string config- 
uration regards its core. It is described by = <f>_ = 0. 
The U(l)-gauge symmetry is exact and the U(l)'-gauge 
symmetry is broken. Supersymmetry is broken in the 
core. 

We note that the cosmic string only exist to m 2 > 0, 
then we have that k > with k < (a — v)k, that can be 
fine-tune ajust. But the important analyse is tha k =/= 
and k ^ to we have the cosmic string potential with 
D-and-F-term. 

Neverthless, the final comment is that our choice for 
to does eliminate the flat directions from our model, that 
with appear when to = [to review about the flat direc- 
tions seejl^l]. So, we are sure about stability of our string 
configuration. 

With our potential, despite the fact that we have two 
f/(l)'s at play, the flat directions disappear whenever the 
parameter m is non- vanishing. Usually, the flat direc- 
tions inherent to supersymmetric section gauge theories 
appear because a single [/(l)-symmetry factor is involved 
[27| . Our model, however, is based on 2 Abelian factors 
and this is crucial to ensure that, if only to were non- 
vanishing, the flat directions problem would be bypassed. 
Nevertheless, as a final comment we mention that, even 
in presence of eventual flat directions, stability would not 
be jeopardized, since the 1-loop corrections do not change 
the conditions for the SUSY breaking. 



In the supersymmetric version[2lJ, this mixing appears 
naturally given by 



1 

4 1 » 



pi F p,v 

r LLV r i 



1 ^,9 „m/ OL 



F F 



fay 



(14) 



The constant a is a physical parameter and cannot be 
completely scaled away in the presence of interactions, 
as it shall discussed in the next section. Now, we dis- 
cuss possible string configurations in connection with the 
choice of basis in field space. We get two possibilities for 
cosmic strings. 

In this section, we consider the case where the kinetic 
term can be diagonalised by performing the orthogonal 
transformation, 



aA% 



A» = VI - a 2 A%. 



(15) 



The requirement of a positive kinetic energy implies 
that |a| < 1. Though the diagonalisation of eq. i|15|) 
eliminates the mixing term, the effect of this mixing is 
present in the couplings, after the field redefinitions A^ 
and are adopted. This means that the elimination of 
the mixing has a physical implication: it yields a relative 
strength between the coupling constants that govern the 
interactions of A^ and with matter. This is why, as 
we have anticipated above, the a-parameter cannot be 
completely absorbed into field reshufflings. We replace 
these transformations in the bosonic Lagrangian, 



1 



1 



H^H^ - U, (16) 



where the gauge-covariant derivatives read as follows: 
The gauge-covariant derivatives take the form: 



^ + i|Q%-i^Q%. (17) 



The field-strengths are defined as usually: — 
df_ L A v - dyA^ and = d^Hy - d^H^, with A^ and 
Hfj, being the gauge fields. 

Our ansatz for the supersymmetric generalization of 
the Nielsen- Olesen string configuration |2^] is proposed 
as follows: 



III. BOSONIC COSMIC STRING 
CONFIGURATION 

In this section, we analyse the possibility of obtaining 
a stable bosonic configuration for a cosmic string in our 
supersymmetric approach. We notice that a mixing term 
can only occur when there are two or more field-strength 
tensors, Fh,, F 2 V . This only arises for Abelian groups. 
Thus, the simplest gauge model with a mixing in the 
kinetic terms is a model with gauge group U(l) x U(l)' . 
Let us denote the field strengths of the two [/(l)-fields 
by F^ and H^ v , respectively. 



<t>+ = V+(r)e 
4>- = tp-(r)e~ 



it) 



(18) 



parametrised in cylindrical coordinates (t,r,Q,z), where 
r > and < 8 < 2ir, with as the gauge field. The 
boundary conditions for the fields <f>±{r) and H{r) are 
the same as those for the ordinary cosmic strings: 



<p+(r) = r), (p-( r ) — r ~~ * °°> 
tp+(r) = 0, (p-(r) — r — > 0, 
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along the steps presented in the work of ref.|2J|, where 
SUSY transformations act upon the string bosonic con- 

H{ r ) — r ~~ * 00 mq\ figuration, we get the fermionic zero-mode configurations 

H(r) — 1 r — * 0, which turn out to be: 



= 2y/0A(r)6'» 



(20) 



V2e a F^ 



(25) 



A(r) 
A(r) 



r 

c r 



► 00 
0. 



(21) 



The Euler-Lagrange equations for the </>± -fields are 
*iven by 



^ + ±^ ~V+[H 2 + ^-pi-A 2 + -<pl) = 0, 



V'L + y_ +^-[H 2 + ^A 2 - - = 



Now, the equations for the gauge fields read as: 



H" - -H' + (f{Lp\ -(f 2 _)H = 0, 



(22) 



(23) 



A" + -A'+ q ^(^ + -^)A = 0. (24) 
r 4p 

We choose the basis given by |JTSJ. These partic- 
ular combinations render chearer the discussion of the 
fermionic current and the breaking of SUSY in the string 
core. The extra gauge field plays a crucial role in con- 
nection with the breaking of the gauge symmetry outside 
the string core. 



IV. FERMIONIC CURRENT-CARRYING 
COSMIC STRING 



(26) 



It is worthwhile to notice that the SUSY transforma- 
tions lead to a vector supermultiplet (V) that is no longer 
in the Wess-Zumino gauge; to reset such a gauge for V, 
we have to supplement the SUSY transformation by a 
suitable gauge transformation that has to act upon the 
matter fields as well. All these facts have already been 
taken into account in the zero-modes of eas.Q25 [l -H26 |) . 

Now, we come to the question of the mass for the 
fermionic excitations. The gaugino-mixing fermionic 
term reads as: 



(27) 



The field reshuffiings below diagonalise the fermion 
mass matrix: 



(28) 



With this field basis, we obtain the fermionic La- 
grangian: 

C F = i^Dfa - i^<M & - *\ a <*d^, (29) 
with the covariant derivative reading as 



At this stage, some highlights on the fermionic con- 
figurations are worthwhile. This issue has already been 
discussed in a previous paper [24[. All we have done in 
the previous sections concerns the bosonic sector of the 
[7(1) x [/(l)'-theory; to introduce the fermionic modes, 
which have partnership with the vortex configurations, 
we take advantage from SUSY invariance. By this, we 
mean that the non-trivial configurations for the fermionic 
degrees of freedom may be found out by acting with 
SUSY transformations on the bosonic sector. In a pa- 
per by Davis et al. [l9j, this procedure is clearly stated 
and we follow its details here. 

The SUSY transformations of the component fields for 
the U(l) x [/(l)'-model may be found in ref. [2f|, where 
the component-field transformations of the matter and 
gauge supermultiplets are explicitly written down. Going 



and the Yukawa potential 



(30) 



We propose our fermion solutions as given by: 



ip± = ipi(r, 0)e«*'*> ; £ = f (r, 0)e~^ z '^ , 



(31) 



(32) 



Notice that the left-moving superconducting current 
presents the function £(z,t), which is taken the same for 
all fermions. 
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The symmetry breaking also modifies the spinor mass 
terms; in this case, we have, after the breaking, the fol- 
lowing fermionic mass term: 



r 



iqrj 



VP 



A) 



(33) 



In fact, we see that only ip + acquires mass, because 
0_ = Q in the vacuum. In this form, this model de- 
scribes one Goldstone fermion, one scalar and a vector 
field with mass -^qr/. Notice that these masses fit the 
well-known supersymmetry mass formula for the sponta- 
neously broken case [29| . 

Before the cosmological application, we study the cur- 
rents of fermionic particles. For this we shall consider our 
string to be describable by means of a surface action and 
accordingly integrate the action over the transverse de- 
grees of freedorrh i.e. (r, ^-coordinates (to review of the 
procedures see Q). In this case let us conside by use of 
the simmetry of the problem that A^x) = A a (t), where 
a = z,t. That massless fermions interact with the elec- 
tromagnetic gauge field in the core. The gauge field, A z , 
as we saw, is z-independent; it couples to the fermionic 
particles of the matter supermultiplet. The latter are 
massless in the core and massive outside, as given by eq. 
(|33|l . The analysis of the fermionic current is better car- 
ried out in the 2-dimensional sheet. There is a current 
induced in a z-directed string by a homogeneous electric 
field, E. The symmetry of the problem suggests that the 
current J a can be also z-independent. Then, 



dt 2/T 



(34) 



So, we can interpret that the electrical field E z is the 
responsible for the orientation of the charges in the z- 
direction. 



V. POSSIBLE COSMOLOGICAL 
IMPLICATIONS OF A SUPERSYMMETRIC 
SUPERCONDUCTING COSMIC STRING 

In this section, we point out that cosmic strings asso- 
ciated with phase transitions in our model can, through 
their collapse, annihilation, or other processes, be sources 
for heavy fermions with masses in the range 10 11 to 10 13 
GeV, whose decay products may be observable in the 
Universe today. 

Recent works have investigated extragalactic 7-rays 
and ultra-high energy cosmic rays in connection with 
supersymmetric cosmic strings pffll l31L 132$ . In this ap- 
proach, the latter may be sources of Higgs particles with 
mass comparable to the (explicit) supersymmetry break- 
ing scale (TeV) , and superheavy gauge bosons of mass of 
order 77, where rj might be of order of the GUT scale. 

In view of the scenario mentioned above, we propose 
here that our supersymmetric superconducting cosmic 



string, for which supersymmetry is spontaneously bro- 
ken in the core, may be source of fermionic particles 
with mass comparable to the spontaneous supersymme- 
try breaking range ~ 10 11 to 10 13 GeV. The gauge sym- 
metry breaking is usually associated to massive particle 
production |4j; in our approach, where the string becomes 
superconducting, the fermionic carriers responsible for 
superconductivity may play a significant role in the pro- 
cess of massive particle production. 

In this part of the work, let us consider the fermions 
that carry charges under both the original U(l) which 
is spontaneously broken and the electromagnetic U(l)' 
which remains unbroken. For a particle of charge q, in- 
deed, consider the current induced in the z-directed string 
by a homogeneous (z-independent) electric field, E z . The 
string develops an electric current which grows in time, 



dt 



(35) 



where E z is the component along the string. We anal- 
yse the case of fermionic supercondutivity in our model; 
the charged fermions, ijii, and the neutral fermions, A, 
acquire their mass as a result of gauge symmetry break- 
ing, which is responsible for the string formation; then, 
they are massive outside, but massless inside the string, 
as in l|33(l . These fermions are electrically charged, then 
the strings have massless charged carriers which travel 
along the string at the speed of light, as given by il3*5jl . 
This current in the core is generated by the supersymme- 
try breaking scale, and Goldstone fermions appear. The 
fermion mass outside the string is 



Mp 



9V> 



(36) 



where g — qa is the Yukawa coupling of the fermion to 
the Higgs field of the string, given by l|33|) . and a is the 
fine structure constant that fits the experimental data. 

If we consider that loops may be formed by interac- 
tion between our long cosmic strings, we have that, with 
fermionic charge carriers, they are expected to eject, in 
their late stages, high-mass particles which subsequently 
decay to produce ultra-high cosmic rays, neutrino, and 
hadronic radiation (particles inside the string can be 
thought of as a one-dimensional Fermi gas) [l(| • When 
an electric field is applied, the Fermi momentum grows 



dpF 
dt 



as ::j tt- — wqE, where pf and the number of fermions per 



unit length^ji N F = L^-, also grows: 



dt 



qEL. 



(37) 



Now, that the constant are compatible, we can use l|35|) 
to get 



2f3L 



-N 1 



(38) 
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The current grows until it reaches a critical value, 

j£ ~ 1^ m f, (39) 

where 

p F = Mp = q^ V . (40) 

At this point, particles at the Fermi level have suf- 
ficient energy to leave the string. The fermion mass, 
Mp, does not exceed the supersymmetry breaking scale, 
which is compatible with gauge symmetry vortex forma- 
tion around 10 16 GeV. This result is compatible with the 
supersymmetry breaking in the core and with the fermion 
solutions given by the supersymmetry transformations 
(|25|l .i.e.. the solutions to ip and £ fall off to zero at infin- 
ity. Hence, 

JC < Jmax ~ 1jp M F- (41) 

The value of a may be expected to be less than 1, with 
q 2 ~ 10~ 2 , because the (3 ~ 1 Q| and Mp and rj may take 
values as below: 



Mp - 


- 10 13 GeV, 


9 r 


- 10~ 3 , 


a r- 


- 10 


-2 


Mp - 


- 10 12 GeV, 


9 " 


- 10~ 4 , 


a <~ 


- 10 


-3 


Mp - 


- 10 n GeV, 


9 - 


- 10- 5 , 


a <~ 


- 10 


-4 



It is a major issue to justify, on the basis of first prin- 
ciples, the way our parameters can be chosen with the 
values displayed above. First of all, the fact that Mp 
may be taken in the range 10 11 to 10 13 GeV is supported 
by our knowledge that, if SUSY is broken and the grav- 
itino mass is to be of the order of TeV, then the SUSY 
breaking scale lies at the intermediate scale between 10 11 
to 10 13 GeV. As for the /3-parameter, the values we have 
chosen are compatible to reproduce cosmic string phe- 
nomenology. On the other hand, being SUSY sponta- 
neously (and, therefore, softly) broken, stability against 
quantum correction legitimates the values proposed in 
our calculations above. Then, we can state that it is su- 
persymmetry and its power in the renormalization pro- 
gramme the main support in favor of our proposal of 
parameter choices. 

Consequently, in this simplified picture, the growth of 
the current ends at Jc and the string starts producing 
particles at the rate 137fl . In our model, we may accom- 
modate the production of extremely energetic photons, 
quarks and neutrinos through decays mediated by super- 
heavy bosons (typically of GUT-scale mass 10 16 GeV). 
We may also include the production of heavy fermions 
with mass in the range 10 11 to 10 13 GeV, compatible 
with spontaneous supersymmetry breaking as discussed 
in this section. 



VI. CONCLUDING REMARKS 

The goal of this work is the investigation of the struc- 
ture of a cosmic string in the framework of a supersym- 
metric Abelian Higgs model. We show that it is possible 
to set a U(l) x [/(l)'-Lagrangian with the property of a 
fermionic current in the core of the string generated by 
a D-term and the superpotential W. Supersymmetry is 
spontaneously broken in the core, while it is preserved 
outside the string. We found that the introduction of 
a mixed kinetic term involving the two Abelian factors 
appears as the only way to custruct the bosonic cosmic 
stiring with D-and F-term. 

The propagation of these fermionic excitations should 
be understood in connection with SUSY breaking and 
gives us an interesting result on the zero-modes related 
to the field that is not confined to the string. There 
are interesting questions that remain to be contemplated, 
concerning supersymmetric topological defects and their 
implication to Particle Physics in a supersymmetric ver- 
sion of the extended Standard Model, with a very general 
Lagrangian based on SU(2) x U(l) x £7(1)' [33, whose 
phenomenological implications have been currently dis- 
cussed in the literature. 

Finally, our discussion on a possible cosmological sce- 
nario for supersymmetric cosmic strings with supercon- 
ductivity opens up a viable way of trying to fit the phe- 
nomenology concerning the production of extragalactic 
7- rays and ultra-energetic cosmic rays. In fact, the 
fermionic current inside the vortex which can give us 
supermassive particles outside the string, is given by a 
supersymmetry beaking as justified in the last section; 
the connection between the supersymmetry spontaneous 
breaking scales (~ 10 11 to 10 13 GeV) with massive par- 
ticles in our model is given by the 0- mixing parame- 
ter. These supersymmetric fermionic particles may have 
our product detectable in Fly's Eye and its successor 
HiRes, as well as in the Akeno Giant Air Shower Ar- 
ray (AGASA) experiments |3^| . Interesting investigation 
about our model may be done in future works |35j us- 
ing the fragmentation method for these supermassive 
particles. The air-showers produced by primaries can 
be studied from fragmentation of the X-supersymmetric 
particles as it may be found in Ref:[3l]]. An interesting 
issue is to perform the Feymman expansional operator 
method 36] that can be extended to include other contri- 
butions, such as earthy curvature etc.. So, our approach 
is a mechanism that can give us the possibility to obtain 
these energies if the scale for cosmic string scale forma- 
tion is of the order of 10 16 GeV. This issue may offer a 
very rich set up to probe the details of our model. 

Acknowledgments: 

The authors would like to thank (CNPq-Brasil) for 
the invaluable financial support. C.E.C Lima is acknowl- 
edged for a careful reading of the manuscript. 



7 



[a] c-mail: crisnfer@if.ufrj.br 

[b] e-mail: helayel@cbpf.br 

[c] e-mail: godinho@cbpf.br 

[1] G. Jungman, M. Kamionkowski and K. Griest, Phys. 

Rept. 267, 195, (1996). 
[2] A. Vilenkin, Phys. Rev. D 23,852 , (1981); W. A. His- 

cock, Phys. Rev. D 31, 3288, (1985); J. R. GottHI, As- 

trophys. Journal, 288, 422, (1985); D. Garfmkel, Phys. 

Rev. D 32, 1323, (1985). 
[3] M. B. Hindmarsh and T. W. B. Kibble, Rept. Prog. Phys 

58, 477, (1995). 
[4] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and 

other Topological Defects (Cambridge University Press, 

1994). 

[5] T. W. B. Kibble, Phys. Rep 67, 183, (1980). 

[6] T. W. Kibble, J. of Phys. A9, 1387, (1976). 

[7] E. Witten, Nucl. Phys. B 249, 557, (1985). 

[8] T. Vachaspati, Phys. Lett B 249, 557 (1985). 

[9] J. R. S. Nascimento, I. Cho and A. Vilenkin, Phys. Rev. 
D 60, 083505, (1999). 
[10] C. T. Hill, D. N. Schramm and T. P. Walker, Phys. Rev 

D 36, 1007, (1987). 
[11] P. Bhattacharjee, Phys. Rev. D 40, 3968, (1989). 
[12] P. Bhattacharjee, Phys. Rev. Letters, 69, 567, (1992). 
[13] R. H. Brandenberger, Nucl. Phys. B 331, 153, (1990). 
[14] A. Stebbins, Ap. J. (Lett), 303, L21, (1986). 
[15] H. Sato, Prog. Theor. Phys. 75, 1342, (1986). 
[16] N. Turok and R. H. Brandenberger, Phys. Rev. D 33, 
2175, (1986). 

[17] V. B. Bezerra and C. N. Ferreira, Phys. Rev. D65, 

084030, (2002). 
[18] J. R. Morris, Phys. Rev. D 53, 2078, (1996). 
[19] S. C. Davis, A. C. Davis and M. Trodden, Phys. Lett. B 

405, 257, (1997). 
[20] J. D. Edelstein, W. G. Fuertes, J. Mas. and J. M. 

Guilarte, Phys. Rev. D62, 065008, (2000). 
[21] K. R. Dienes, C. Kolda and J. M. Russell, Nucl. Phys. B 

492, 104, (1997). 



[22] R. Foot amd X. G. He. Phys. Lett B 267, 509, (1991). 
[23] O. Piguet and K. Sibold " Renormalized Supersymme- 

try" , Progress in Physics Vol 12, 1986 . 
[24] C. N. Fereira, J. A. Helayel-Neto and M. B. D. S. M. 

Porto, Nucl. Phys. B620 181, (2002). 
[25] J. Wess and J. Bagger, " Supersymmetry and Supergrav- 

ity", second edition, Princeton Series in Physics. 
[26] A. A. Penin, V. A. Rubakov, P. G. Tiyakov and S. V. 

Troitsky, Phys. Lett. B 389, 13 (1996). 
[27] B. Zumino, "spontaneous Breaking of Supersymmetry", 

Lecture Notes in Physics, 160, (1981). 
[28] Nielsen H. B. and P. Olesen, Nucl. Phys. B 61, 45 (1973). 
[29] S. Ferrara, L. Giradello and F. Palumbo, Phys. Rev. D 

20, 403, (1979). 
[30] P. Bhattacharjee, Q. Shan and F. W. Stecker, Phys. Rev. 

Lett 80, 3698 (1998). 
[31] V. Berezinsky and M. Kachelrie/3, Phys. Lett B 34, 61, 

(1998). 

[32] V. Berezinsky, M. Kachelrie/3 and A. Vilenkin, Phys. Rev 
Lett 79, 4302 (1992). 

[33] K. S. Babu, C. Kolda and John March-Russell, Phys. Rev. 
D57, 6788, (1998). 

[34] V. Berezinsky, talk presented at XXXIHrd Rencontres de 
Moriond: Electroweak Interactions and Unified Theories. 

[35] C. N. Ferreira, C.E.C. Lima, J. A. Helayel-Neto and H. 
M. Portella, in progress. 

[36] J. Bellandi Filho et al, Hadronic Journal 12, 13, (1989); 
R.P. Feynman, Rev. Mod. Phys. 20, 367, (1948); R.P. 
Feynman, Phys. Rev. D84, 108, (1951); H.M. Portella, 
A.S. Gomes, R.H.C. Maldonado e N. Amato, J. Phys. 
A 31, 6861, (1998); H.M. Portella, F.M.O. Castro e N. 
Arata, J. Phys. G 14, 1157, (1988); H.M. Portella, L.C.S. 
Oliveira, C.E.C. Lima e A.S. Gomes, J. Phys. G 28, 415, 
(2002); A.S. Gomes, Ph.D Thesis (CBPF) (1999); C. E. 
C. Lima, Ph.D Thesis (CBPF) (2003); T. Kato, Pertur- 
bation thery for linear operators, (1 st edition) Springer- 
Verlag, (1966). 



